Abstract. Parathyroid hormone (PTH) is the primary regulator of serum calcium homeostasis and bone metabolism. PTH acts primarily by binding to its receptor, PTH1R, in the bone and kidney. In addition to PTH, PTH1R also recognizes PTHrelated peptide (PTHrP), a paracrine/autocrine factor originally described as the hormone responsible for hypercalcemia of malignancy. PTHrP is developmentally regulated and expressed, and it has been shown to play a physiological role in development, differentiation, cell proliferation and survival. We investigated the effects of PTH1R activation on the apoptosis signaling programs of human embryonic kidney (HEK) cells. Stimulation experiments of the CD95, TNF-R and TRAIL-R death receptor systems revealed that activation of PTH1R in HEK cells triggers signaling via each of these death receptors. Furthermore, our findings demonstrate a link between activation of PTH1R and the mitochondrial apoptosis pathway. PTHR1R overexpression led to an alteration of the mitochondrial membrane potential and activation of the intrinsic apoptosis signaling pathway. Our data indicate that activation of PTH1R engages major apoptosis signaling pathways by inducing signaling via death receptors and mitochondria in HEK cells. Thus, beyond its importance in development and differentiation, we describe an important role for the PTH/PTHrP receptor system in apoptosis of differentiating/embryonic cells.
Introduction
Parathyroid hormone (PTH) is central to calcium homeostasis and bone maintenance in vertebrates. PTH is a classic endocrine hormone that was identified more than 80 years ago as a key regulator of blood calcium levels (1) . In response to either low calcium or high phosphate levels in the circulation, PTH is secreted as an 84-amino acid polypeptide from the parathyroid glands and acts primarily on the bone and kidney. In the bone, PTH increases osteoclastic bone resorption as part of calcium homeostasis, and the stimulatory effects of PTH on osteoblasts increase bone mass (2) . In the kidney, PTH promotes renal tubular calcium resorption and synthesis of 1,25-dihydroxyvitamin D 3 but prevents resorption of phosphate (3) . The effects of PTH are mediated primarily through activation of the PTH receptor (PTH1R) (4), which is highly expressed in the PTH target tissues of the bone and kidney (5) . PTH also binds to a second receptor (PTH2R) (6) . Both PTH receptors belong to the class B G protein-coupled receptors (GPCRs) (7) .
In addition to PTH, PTH1R also recognizes PTH-related peptide (PTHrP) (4, 8) . PTHrP is a secretory protein that was first described as the hormone responsible for hypercalcemia of malignancy and was subsequently described as having a role in both cell proliferation and differentiation (9) (10) (11) . Its partial homology to PTH allows PTHrP to activate PTH1R. Although other PTH receptors have been identified, the PTH1R is the major receptor responsible for skeletal actions of PTH and PTHrP, as evidenced by similar phenotypes in the PTHrP and PTH1R null mouse models (12) . Ablation of the PTH1R gene in mice results in a neonatal-lethal phenotype with severe abnormalities in development of cartilage and bone (13) . The perinatal lethality of PTHrP or PTH1R knockout mice emphasizes the biological importance of this peptide system. PTH1R is also expressed in many fetal and adult tissues, in which it mediates an array of paracrine and autocrine functions in response to locally produced PTHrP. Thus, the PTHrP/PTH1R system acts as a local regulator of cell proliferation, differentiation and apoptosis. Besides the PTHlike domain, which lies within the N-terminal, part of the PTHrP protein, PTHrP contains two other functional domains, the mid-region and C-terminal domains. Post-translational cleavage of the PTHrP protein allows these domains to function independently (14) (15) (16) (17) . By activation of PTH1R, the N-terminal parathyroid hormone-like domain stimulates protein kinase A (PKA), C (PKC), and/or the calcium-dependent pathways, respectively (17) (18) (19) (20) . The mid-region domain, containing a bipartite nuclear localization sequence at residues 88-91 and 102-106 and an importin ß-binding site at 66-94, can enter the nucleus and interfere with gene expression (17, (21) (22) (23) (24) (25) . The C-terminal domain physically interacts with ß-arrestin, which regulates internalization and desensitization of ligandstimulated G-protein-coupled receptors (26) (27) (28) (29) (30) . The physiological function of PTHrP is of a developmental regulatory molecule that controls the rate of programmed differentiation during organogenesis. Thus, although PTHrP was discovered as a tumor-derived hypercalcemic factor, its primary physiological role is as a local regulator of many physiological processes (reviewed in ref 5) . Previous studies suggest that apoptosis is initiated by activation of the PTH1R, and that this is likely to contribute to the spectrum of physiological responses to PTH and/or PTHrP (31, 32) .
So far, the role of PTH1R in apoptosis has not been mechanistically investigated. Therefore, this study takes advantage of an embryonic cell line stably expressing PTH1R to explore the impact of PTH1R on apoptosis signaling pathways. Here we report that PTHrP induces apoptosis in human embryonic kidney (HEK) 293 cells stably expressing the PTH1R via the induction of both, the extrinsic/death receptor-and the intrinsic/mitochondria-mediated apoptosis pathways. Detection of apoptosis. Quantification of DNA fragmentation was performed by FACS analysis of propidium iodide-stained nuclei according to Nicoletti (37, 38) , carried out in a FACScan ® flow cytometer (Becton-Dickinson) using the CELLQuest ® software system.
Materials and methods

Cell
To induce apoptosis, cells were treated with irinotecan at 5 μg/ml (Pfizer, Karlsruhe, Germany), adenoviral transfer of wild-type p53 (35, 36) or thapsigargin (Sigma-Aldrich, Taufkirchen, Germany) at 10-20 nMol.
To induce CD95 receptor-mediated apoptosis, we used the monoclonal antibody anti-APO-1 IgG3, at 1 μg/ml added to 20 ng/ml Protein A (39-41). TNF-· (Immunotools, Friesoythe, Germany) was added at a concentration of 100 ng/ml, together with 10 μg/ml cycloheximide (Sigma) 16 h prior to harvesting. Killer-TRAIL (Alexis Biochemicals, Lausen, Switzerland) was applied at a concentration of 1 μg/ml 16 h before harvesting.
For caspase activation assays, cells were harvested 48 h after treatment (caspase-2, -3, -6, -8 and -9 fluorometric assay; R&D Systems, Wiesbaden, Germany).
Detection of death receptors. Cells were treated for 48 h, harvested by 0.2 g/l EDTA-incubation, centrifuged and distributed on 96-well plates. Then, cells were incubated on ice for 30 min with 10 μg/ml mouse IgG1 antibodies against death receptors CD95 (kindly provided by H. Walzcak), TNF-R1 (clone 16803, R&D Systems), TRAIL-R1 and 2 (clone HS101 and HS201, Alexis Biochemicals) or an unspecific isotype control (R&D Systems), followed by a biotinylated F(ab)' 2 -fragment goat anti-mouse IgG Fc antibody (Dianova GmbH, Hamburg, Germany). Streptavidin-Allophycocyanin (APC) (Becton-Dickinson) was added for an additional 20 min. Cells were washed with FACS-buffer (PBS containing 2% FCS) following each incubation step. Finally, cells were resuspended in FACS-buffer containing 1 μg/ml propidium iodide. Cell surface expression of the death receptors was assessed by FACScalibur ® at an excitation of 633 nm.
Determination of mitochondrial membrane potential. Cells were incubated with 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine-iodide (JC-1, 5 μg/ml; Sigma) or with 3,3 dihexylocarbocyanine-iodide (DiOC; Molecular Probes) at room temperature for 20 min (JC-1) or at 37˚C in the dark for 15 min (DiOC), then washed and analyzed by FACScan (42, 43) .
Statistical analysis. We applied ANOVA or MANOVA to test for statistical significance. Statistical analysis was carried out using the SAS software system (SAS Institute Inc., Cary, USA).
Results
Activation of PTH1R induces apoptosis. HEK cells stably transfected with wild-type PTH/PTHrP receptor (HEK1R)
showed increased expression of PTH1R as shown by Western blot analysis, while endogenous PTHrP levels remained unchanged ( Fig. 1A and B) . We used two PTHrP fragments, an N-terminal residue (1-34), known to signal through PTH1R and a C-terminal residue (107-139), which acts through endocytosis or an uncharacterized receptor. Consequently, a cAMP immunoassay showed activation of the cAMP/PKA pathway through human N-terminal PTH and PTHrP, but not through the C-terminal PTHrP fragment in HEK1R cells (Fig. 1C) . Thus, the wild-type PTH1 receptors expressed in human embryonic kidney cells (HEK1R) are functional and activate the PKA pathway. PTH1R responds to binding of PTH or PTHrP by activation of the PKA and PKC pathways. The PKA pathway is mediated by the G s protein that activates adenylylcyclase and leads to cAMP production and PKA activation. The PKC pathway is mediated by the G q protein that activates phospholipase C, resulting in an increase in intracellular Ca 2+ levels and activation of protein kinase C. Untransfected HEK cells did not respond towards N-terminal PTH-or N-terminal PTHrP-stimulation of the PTH1R (Fig. 1C) .
The purpose of this study was to determine the effects of overexpressing wild-type PTH1R on the cellular apoptosis program of HEK cells. Therefore, we treated HEK1R cells with thapsigargin. Thapsigargin is a tight-binding inhibitor of a class of enzymes known as sarco/endoplasmic reticulum Ca 2+ ATPase (SERCA). Thapsigargin is a Ca 2+ ATPase inhibitor that elevates intracellular calcium concentration by promoting its release from intracellular stores, and induces apoptosis in certain cells (44) . Thapsigargin is a strong inducer of apoptosis in HEK1R cells but not in control HEK cells (Fig. 2A) . In addition, adenoviral transfer of the p53 gene into HEK1R cells led to an increased rate of wild-type p53-dependent apoptosis in HEK1R cells (Fig. 2B) . Concomitant treatment of HEK1R cells with adenoviral transfer of the p53 gene and the cytotoxic drug irinotecan led to an additive effect on wild-type p53-induced apoptosis (Fig. 2C) . These findings indicate that upregulation and activation of PTH1R leads to increased sensitivity of HEK cells towards apoptosis.
Addition of N-terminal PTHrP or PTH following adenoviral transfer of wild-type p53 into HEK1R cells potentiated the effects of PTH1R expression on induction of apoptosis (Fig. 2D) . This indicates that G s -mediated cAMP/PKA-and/ or G q -mediated PKC-(triggered by N-terminal PTHrP) are involved in induction of PTH1R-mediated apoptosis.
PTH1R-induced apoptosis involves activation of caspases.
Involvement of caspases in the induction of PTH1R-mediated apoptosis was shown by fluorometric determination of the increased enzymatic activity of caspase-2, -3, -6, -8 and -9 class of proteases in HEK and HEK1R cells following treatment with thapsigargin (Fig. 3A) . Of note, caspase activation was significantly enhanced in HEK1R cells due to expression of PTH1R. Addition of N-terminal PTHrP further augmented PTHR1-dependent caspase activation following treatment of HEK1R cells with thapsigargin (Fig. 3B) . Thus, the proapoptotic action of PTH1R stimulation on caspases occurs at least in part via the PKA-and/or the PKC pathways.
Activation of the PTH1R triggers the extrinsic apoptosis pathway via activation of death receptors.
We next investigated if activation of the PTH1R triggers the extrinsic apoptosis pathway. Addition of the specific agonistic antibodies and ligands (agonistic anti-APO-1 antibody, TNF-·, or Killer-TRAIL) led to a further increase of thapsigargin-mediated apoptosis in HEK1R cells. In contrast these agonistic antibodies and ligands did not induce apoptosis via the deathreceptor pathway in HEK cells (Fig. 4A) . Thus, PTH1R-induced apoptosis is mediated by a set of death receptors including the CD95, TNF and TRAIL receptor systems.
Activation of PTH1R engages the mitochondrial apoptosis pathway.
In order to further characterize the molecular mechanisms of PTH1R-mediated apoptosis, we investigated the influence of PTH1R activation on mitochondrial apoptosis signaling pathways. FACScan analysis following DiOC staining revealed an alteration of the mitochondrial membrane potential of HEK1R cells following treatment with thapsigargin (Fig. 4B) . Thus, PTH1R activation by thapsigargin contributes to apoptosis by inducing the mitochondrial apoptosis signaling pathway. Thapsigargin-dependent alteration of the mitochondrial membrane potential was further enhanced by addition of N-terminal PTHrP (Fig. 4C) . This suggests that G s -mediated cAMP signaling and G q -mediated phospholipase C/Ca 2+ signaling is involved in induction of PTH1R-mediated apoptosis.
Discussion
The purpose of this study was to determine the effects of PTH/PTHrP receptor (PTH1R) activation on the apoptosis signaling programs of human embryonic kidney (HEK) cells. Data obtained in the present study indicate a model for interference of PTH1R with key regulators of apoptosis signaling. Our data suggest that apoptosis is initiated by activation of PTH1R in HEK cells, and that this is likely to contribute to the spectrum of physiological responses to PTH and/or PTHrP. Overexpression of wild-type PTH1R induced apoptosis in HEK cells and activated apoptosis signaling via death receptors and mitochondria.
Stimulation experiments of the CD95, TNF-R and TRAIL-R death receptor systems revealed that activation of PTH1R in HEK cells triggers signaling via each of these death receptors and consequently sensitize HEK 293 cells stably expressing PTH1R towards CD95-, TNF-R-and TRAIL-R-mediated apoptosis. Furthermore, our findings demonstrate a link between activation of the PTH1R and the mitochondrial apoptosis pathway. Stimulation of the PTH1R induces mitochondrial-mediated apoptosis signaling.
The effects of PTH1R-activation on apoptosis likely depend on the cell type and the differentiation state of the cells. PTH was reported to be antiapoptotic in osteoblasts (32, 45) , whereas it was shown before to promote apoptosis in HEK 293 cells (31) . In addition, findings of a bi-directional effect of PTH on cells of differing maturity states, were reported in mesenchymal cell lines. PTH was shown to be antiapoptotic in preconfluent cells and proapoptotic in more differentiated postconfluent cells. In accordance with the bi-directional effect of PTH1R triggering on apoptosis of mesenchymal cells, we previously showed that in Saos-2 cells, triggering the PTHrP/PTH1R axis inhibits major apoptosis signaling pathways by blocking signaling via p53, death receptors and mitochondria and, consequently, confers chemoresistance of cancer cells (Gagiannis et al, Int J Cancer, in press). This strongly argues in favour of both, pro-and antiapoptotic effects of the PTH/PTHrP/PTH1R ligand/receptor system. Furthermore, the effects of the PTH/PTHrP/PTH1R system on apoptosis are dependent on the cell type and differentiation status. Tumor cells may benefit from an antiapoptotic action of PTHrP, which confers a selective growth advantage upon tumor cells. Embryonic cells, on the other hand, may benefit from a proapoptotic PTH/PTHrP/PTH1R system, which promotes cell departure from the differentiation program later in the developmental scheme.
The underlying mechanisms of this bi-directional effect of PTH1R signaling on apoptosis pathways are not clarified Figure 4 . Activation of the PTH1R triggers the extrinsic apoptosis pathway via activation of death receptors and the intrinsic apoptosis pathway via activation of mitochondria. (A) Activation of the PTH1R engages the death receptor-triggered apoptosis signaling pathway. Addition of the specific agonistic antibodies to and ligands of CD95, TRAIL-R and TNF-R following treatment of HEK1R or HEK cells with thapsigargin led to a further increase of thapsigargin-induced apoptosis of HEK1R cells and to a sensitization towards CD95-, TRAIL-R-and TNF-R-mediated apoptosis. Following thapsigargin treatment for 24/48 h, specific ligands and antibodies (Killer-TRAIL, agonistic anti-APO-1 antibody or TNF-·) were added 24 h before harvesting. Three independent experiments were performed, and a representative result is shown, mean ±SD, n=3. * p<0.0001, MANOVA between subject effect comparing HEK1R vs. HEK cells for all treatment groups (time points 0, 24, 48 h were considered as repeated measurements); ** p<0.0001, MANOVA between subject effect comparing thapsigargin + ligand/agonistic antibody vs. thapsigargin alone (ligand/agonistic antibody effect), for all ligands/antibodies (time points 2, 24, 48 h were considered as repeated measurements). (B) Activation of PTH1R engages the mitochondrial apoptosis signaling pathway. FACScan analysis of HEK and HEK1R cells following DiOC staining showed alteration of the mitochondrial membrane potential after treatment with thapsigargin. Alteration of the mitochondrial membrane potential was significantly enhanced in HEK1R cells. Shown is one representative out of three experiments performed. Presented is mean ±SD, n=3. * p<0.0001, MANOVA, between subject effect (comparing HEK1R vs. HEK cells), considering thapsigargin 0 and 20 nMol as repeated measurements. (C) N-terminal PTHrP augment mitochondrial-dependent apoptosis triggered by PTH1R. FACScan analysis of HEK and HEK1R cells following DiOC staining showed alteration of the mitochondrial membrane potential after treatment with thapsigargin, which was significantly enhanced by N-terminal PTHrP in HEK1R cells. Two independent experiments were performed, and a representative result is shown, mean ±SD, n=6. * p<0.005, Wilcoxon test, compared to HEK cells.
yet but were reported to be dependent on the PKA pathway (32) in mesenchymal cells. The PTH1R responds to binding of PTH or PTHrP by activation of the PKA and PKC pathways. The PKA pathway is mediated by the G s protein that activates adenylylcyclase and leads to cAMP production and PKA activation. The PKC pathway is mediated by the G q protein that activates phospholipase C, resulting in an increase in intracellular Ca 2+ levels and activation of PKC. In contrast, the proapoptotic effects of PTH reported in HEK cells were found to be dependent on the PKC pathway (31) . In our cell system, HEK cells, activation of the cloned PTH1R produced concurrent signaling through both pathways. Our results suggest that G s -mediated cAMP signaling and G q -mediated phospholipase C/Ca 2+ signaling are involved in apoptosis signaling triggered by activation of PTH1R.
In summary, activation of the PTH/PTHrP/PTH1R ligand/receptor system in HEK cells activated multiple apoptosis signaling pathways by stimulating both, death receptor-and mitochondria-mediated apoptosis signaling. Interfering with apoptosis signaling pathways may be a key mechanism through which the PTH/PTHrP/PTH1R system exerts its physiological and developmental functions in cell proliferation, differentiation and survival.
